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Abstract
Since the first synthesis of KMnO4 using pyrolusite mineral and potassium carbonate, the experimental synthesis of manganese
oxide nanostructures and their application to multiple scientific disciplines have been undertaken extensively. In this review, potas-
sium permanganate raw materials were shown to be more effective and versatile than other addition materials; therefore, they have
been widely used to synthesize a variety of manganese oxide nanomaterials, including manganese dioxides, trioxides, tetraoxides,
oxyhydroxides and metal-incorporated oxide nanomaterials. Recent progress focused on the synthesis and analysis of the novel
characteristics of Mn-oxide nanostructures, emphasizing critical experiments to determine the chemical and physical parameters
and the interplay between synthetic conditions and nanoscale morphologies. The Crystal Maker Demo program was applied to
estimate the anisotropic transformations from KMnO4 to Mn-oxide nanomaterials.
© 2015 The Author. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction
Transition metal oxides are important for the
evelopment of new materials with functionality and
ntelligence. In particular, because of their unique mate-
ial properties, transition metal oxide nanomaterials and
heir assemblies have been widely used in various fun-
amental research and technological applications [1–4].
he size- and shape-dependent properties of the metal
xides with tailored morphologies and patterns encour-
ged scientists to prepare metal oxide nanostructures
ith a controlled size and structure. It is desirable for
he preparation of metal oxides to proceed through a
imple, effective and inexpensive technique [5,6]. The
erformance of this material depends on its proper-
ies, thus relying on the atomic structure, composition,
icrostructure, defects and interfaces [7–9]. The prepa-
ation procedures for metal oxide nanocrystals, however,
howed diverse results. Using a reduction method is one
f the common routes to create metal oxide nanocrys-
als. Among the routes, chemical methods have been
roven more effective for preparing various nanocrystals
10,11].
Since its discovery in 1659, potassium perman-
anate has a long history of application to different
elds, such as catalysis, medicine and electrochem-
cal and mechanical areas [12]. It is used as an
xidant in drinking water, wastewater and industrial pro-
esses [13–28]. The use of potassium permanganate
n the synthesis area was achieved to prepare many
anganese oxide nanostructures [29–41]. In addition,
otassium permanganate has been used as an astrin-
ent in medical applications and as a cathode electron
cceptor for microbial fuel cells, which could recover
uch more electrical power compared with using other
xisting types of electron acceptors. Thus, the elec-
rochemical regeneration process was investigated on
 platinum electrode for the oxidation of quinoxaline
nd the generation of pyrazine-2,3-dicarboxylic acid
42–48].
Over the last few years, the chemical solution routes
ave emerged as effective, convenient, and energy-
fficient material synthetic techniques for the preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 425
of nanomaterials. Due to its economy and high degree
of compositional control, the hydrothermal method is a
preferred route for manganese oxide nanomaterial fab-
rication.
The aim of this article is the following: (1) to provide
a brief account of the utilization of potassium perman-
ganate to generate various types of manganese oxide
nanomaterials; (2) to investigate the characterizations of
shape, chemical composition and nanostructure through
the CMDT program; (3) to address experimental issues
related to growth mechanisms to discover new methods
for better control; and (4) to note the potential effects
of manganese oxide nanostructures on physiochemical
applications.
2.  Progress  of  potassium  permanganate
2.1.  Crystal  structure
Potassium permanganate exhibits a wealth of physical
and chemical properties originating from the electronic
states of Mn7+ (3d0) tetrahedrally surrounded by four
oxygen anions. However, a study of the KMnO4 crys-
tal before manganese oxide nanocrystal synthesis has
not been performed. In Fig. 1(a), four types of KMnO4
crystals were investigated using X-ray diffraction (XRD)
patterns. The diffraction peaks of the crystals are exclu-
sively indexed to an orthorhombic unit cell with a
space group of Pnma 062, according to standard data
JCPDS card Nos. 01-725, 07-023, 44-268 and 73-458
[49]. Therefore, all of the materials have different lat-
tice parameters and Miller indexes in the same crystal
phases. The symmetries of the KMnO4 crystals are 2Di-
16 (V 16h ), and the structure may be given by the following
parameters, expressed as fractions of the unit cell dimen-
sions: four K at 4c: u  = 0.06, v = 0.16; four Mn at 4c:
u = 0.18, v = 0.67; four O at 4c: u = 0.00, v = 0; four O
at 4c: u = 0.26, v  = 0.49; and eight O at 8d: x  = 0.19,
y = 0.22, z = 0.80 [50,51]. The quantum theory of atoms
in molecules was applied to characterize the topological
parameters at the bond critical points of the density val-
ues that were reported by Marabello et al. [52] revealing
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Fig. 1. XRD pattern of potassium permanganate [49].Fig. 2. Crystal structure of potassium permanganate [52].
that the K O bond has pure ionic characteristics, while
the Mn O bonds show an intermediate behaviour of
electron density, which is in good agreement, even on
a quantitative level (Fig. 2).
3.  Synthesis  of  Mn-oxide  nanomaterials
3.1.  MnOOH  nanostructures
MnOOH is an important precursor for the synthesis
of intercalation compounds, such as lithium manganese
oxides, which are potentially inexpensive, environmen-
tally friendly, positive materials for separation-based
sensors in biology, electronics and in rechargeable
lithium ion batteries. By simply adding inorganic salt,
such as ammonium chloride and potassium iodide or
N,N-dimethyl ammonium formate (DMF), and ethanol
reagents to KMnO4, this one-step process often resultsity for Science 10 (2016) 412–429
in nanorods of -MnOOH with specific characteristics,
such as low surface area and relatively high uniform
phases, similar to the solutions-based synthetic reaction
approaches that are seldom used in research [53–56]. As
discussed above, the addition of multiple redox materi-
als to KMnO4 results in a one phase structure and an
intermediate lamellar structure product, which is sup-
ported by the fact that the permanganate ion is important
for growing rod structures. The reduction of perman-
ganate by a formaldehyde solution with a slow reaction
rate and at a low temperature leads to the formation of
MnO(OH) nanorods with a diameter of 50–60 nm and
a length of 2–3 m (Fig. 3(a) and (b)). The reduction,
nucleation and growth are accelerated, and octahedron-
like microcrystals are obtained. Meanwhile, MnO(OH)
must be dehydrated, and a portion is reduced to produce
octahedron-like Mn3O4 products at a higher temper-
ature (Fig. 3(c) and (d)) [57]. This result suggested
that the conversion process from precursor nanorods to
an octahedron structure could be rationally expressed
by the Ostwald ripening process mechanism. However,
oxygen-bonding interactions between the carbonyl func-
tion in formaldehyde and the carboxylic acid in formic
acid on the permanganate surface were proposed to
explain the role of this material in the construction mech-
anism. Li et al. [58] reported the growth of multiple
branched MnOOH nanorods with angles of either 57◦ or
123◦ (approximately) that typically contain edge dislo-
cations due to polyethylene glycol and the control of the
reaction time (Fig. 4). By comparing this precursor with
our previous work, all of the branched nanorods are gen-
erally obtained under different reaction conditions, thus
limiting the role of additive materials and reaction envi-
ronments. The synthesis of branched nanostructures has
drawn tremendous attention because of their outstanding
structural diversity, physical and chemical properties and
potential device applications, such as in sensors, optics,
energy conversion, electronics, catalysts, and medicine.
In all of these cases, the chemical reactions employed for
the synthesis of MnOOH nanocrystals can be illustrated
as follows (Eqs. (1)–(5)):
3KMnO4 +  4NH4Cl →  3MnOOH +  3KCl
+  HCl +  6H2O +  2N2 (1)
KMnO4 +  KI +  H2O +  ½O2
→  MnOOH +  KIO3 +  KOH (2)KMnO4 +  2(CH3)2NCOH →  MnOOH
+ (CH3)2NCOOH +  (CH3)2NCOOK (3)
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Fig. 3. FE-SEM images of as-synthesized products by the hydrothermal process for 10 h under different temperatures: (a, b) 120 ◦C, (c) 180 ◦C and
(d) 200 ◦C [57].
Fig. 4. SEM and TEM images of the as-prepared branched MnOOH nanorods and effect of reaction time and the concentration of the final product
[58].
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 hydrotFig. 5. FE-SEM images of the as-synthesized Mn(OH)O nanowires by
[60].
KMnO4 +  2CH3CH2OH →  MnOOH +  2CH3CHO
+ KOH +  H2O (4)
KMnO4 +  2CH2O →  MnOOH
+ CHOOH +  CHOOK (5)
Due to their many low-dimensional characteristics
that are different from the bulk properties, MnOOH
nanowires have received considerable attention as tran-
sistor components, sensing devices, transparent-flexible
electronics and memory-integrated logic circuits. In
most cases, these -MnOOH nanowires were used as
catalysts in a rechargeable nonaqueous lithium-oxygen
battery to improve the discharge capacity and cycle
stability. Due to low production cost, scalability and
reduced temperature, the solvothermal synthesis tech-
nique is one of the most important methods for the
preparation of -MnOOH nanowires by the reduction ofhermal reaction between potassium permanganate and ethylene glycol
KMnO4 with polyvinylpyrrolidone [59]. Ethylene gly-
col is another reducing material to generate Mn(OH)O
nanowires with an average diameter of 60–80 in., several
tens of micrometres in length, as single crystals and with
a space fringe of {2 1 0}, which explained the structural
mechanism from the orthorhombic KMnO4 conversion
to monoclinic Mn(OH)O due to the oxidation of ethylene
glycol to glyoxal (Fig. 5) [60]. Portehault et al. synthe-
sized manganite nanowires, hausmannite nanoparticles
and feitknechtite triangular phases using the reduction
of permanganate and thiosulfate [61]. He suggested that
these evolutions appeared according to a dissolution re-
crystallization process and the lateral aggregation of
primary nanorods.
Xia et al. [62] reported the synthesis of MnOOH
nanobelts using a wet chemical method. Fig. 6 shows
the nanobelts with a length of several micrometres,
a width of 20 mm, fringe spacings in the {2 2 −2}
direction, which can be observed using the route from
manganese acetate tetrahydrate and KMnO4 in boiling
K.A.M. Ahmed / Journal of Taibah University for Science 10 (2016) 412–429 417
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ater under reflux. The nanobelts exhibited unique
lectrochemical characteristics for the simultaneous
etection of dopamine from ascorbic acid and uric acid
hen modified with a glassy carbon electrode. From
 positive perspective, the synthesis of MnOOH nano-
tructures not only enabled authors to gain in-depth
nowledge of the relationship between the properties,
ize, shape, and compositions but also enabled use of the
anostructures in a variety of applications in catalysis,
on exchange, separation, molecular sieves and energy
torage in secondary batteries [63–67]. To date, only a
ew reports describe the importance of permanganate
n the formation of MnOOH nanocrystals, and most of
he research focuses on reducing materials. The precur-
ors of this material are often obtained in many reaction
rocess stages, and the kinetic reactions may be highly
omplex under the appropriate conditions.
.2.  MnO2 nanostructuresMnO2 nanomaterials have attracted increasing inter-
st due to their importance in basic scientific research
nd their potential technological applications as het-
rogeneous catalysts for ozone decomposition, forux route utilizing permanganate and pure water at 100 ◦C for 4 h [62].
organic pollutants oxidation, nitric oxide detraction,
carbon monoxide reduction and degradation of dyes.
In addition, these nanomaterials have been used
to enhance the performance of lithium-ion batter-
ies [68–77]. Many studies have been performed to
investigate MnO2 nanostructures, such as sonochemical
synthesis solution-combustion, thermal decomposition,
hydrothermal synthesis, sol–gel, electrodeposition and
microwave-assisted synthesis processes [78,79]. Based
on KMnO4 as the raw material precursor, many exper-
imental attempts were employed to synthesize MnO2
nanostructures with different crystallographic forms.
Compared with other processes that contain manganese
salts, such as chloride, nitrite, carbonate and sulfate,
the preparation of -MnO2 nanostructures through the
permanganate procedure is easy to control and enables
different sizes, shapes and functionalities. The reduc-
tion of KMnO4 was followed by the use of K2Cr2O7
or manganese salts to investigate -MnO2 nanorods
[80–86]. Some precursor routes require nitric acid
and CTAB to precipitate the final products. MnSO4
is used as the reducer to promote the growth of
-MnO2 crystallites and to promote the subse-
quent phase transformation from -MnO2 to -MnO2
418 K.A.M. Ahmed / Journal of Taibah University for Science 10 (2016) 412–429
Fig. 7. SEM images of -MnO2 nanotubes prepared by a hydrothermal approach employing KMnO4 and HCl at 140 ◦C for different times: (a)
160 min, (b) 160 min, (c) 12 h and (d) schematic illustration of the etching process [89].
Fig. 8. Schematic illustration of -, -, and -MnO2 nanoplates, nanorods, and wire-like shapes via a controllable redox reaction time in the
MnCl2–KMnO4 aqueous solution system [90].
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anorods. The growth mechanism during this process
ould be attributed to a condensation reaction of the
amellar birnessite structure sheets, leading to a bet-
er discharge capacity than the commercial electrolytic
anganese dioxide. Acidification of permanganate by
ulfuric and hydrochloric acids provided the special
hase of urchin with a hollow sphere and nanotube
tructures [87–89]. Hollow crystals have a very loose
esoporous cluster structure consisting of thin plates
r nanowires, and they exhibit enhanced rate capac-
ty and cycleability. The tubular structures occur due
o the release of chlorine gas from a solid rod over
ime (Fig. 7). Chen et al. [90] reported the coupled
icrowave-hydrothermal process to prepare -, -,
nd -MnO2 with phase structures, such as nanoplate,
anorod and nanowire (Fig. 8). MnO2 nanocrystals
repared using this method have been applied to
lectrochemical applications for lithium-ion batteries
nd for supercapacitors. -MnO2 is favourable for
he application of supercapacitors due to its tun-
el structures. Despite the intercalation–deintercalation
eactivity, -MnO2 showed a better anode performance
or lithium-ion batteries than other crystal forms. Under
eat treatment and acidic medium, the hollow man-
anese oxide nanotubes with porous walls were also
btained during the release of multiwalled carbon nano-
ubes (Fig. 9). Typical for this process, the tubular hollows on multiwalled carbon nanotubes and in acidic medium [91].
structures were observed after removing the carbon
nanotubes, showing a good catalytic performance for the
degradation of organic dye under ambient conditions due
to the numerous surface reaction sites within the porous
hollow tubular structures [91]; potassium ions play an
important role in this formation.
Thermal calcination of MnOOH precursors is one
of the most common methods to prepare the vari-
ous MnO2 nanostructures with unique physicochemical
properties. Yang et al. [92] obtained -MnO2 nanorods
by calcining the -MnOOH nanorod precursor, which
was prepared from KMnO4 and ethanol. Various man-
ganese oxide nanorods, such as -MnO2, Mn2O3 and
Mn3O4, are obtained by the calcination of -MnOOH
nanorods. -MnO2 nanorods appear from the reac-
tion of permanganate and manganese acetate through
a redox hydrothermal process without calcinations. In
a hydrothermal treatment of only a KMnO4 solution
[93], 3D flower-like hierarchical spheres composed of
small nanosheets and nanobelts of manganese oxide
were reported [94]. Factors such as temperature and
Coulomb interaction were proposed to control the forma-
tion mechanism. In addition, MnO2 hierarchical hollow
nanostructures occur from the reduction of KMnO4 with
MnCO3 in HCl medium [95]. Hybrid/nanocomposite
formation of manganese oxide using KMnO4 as the
precursor with other materials, such as copper oxide,
420 K.A.M. Ahmed / Journal of Taibah University for Science 10 (2016) 412–429
Fig. 10. SEM images of Mn2O3 nanospheres, nanocubes, nanoellipsoids, and nanodumbbells prepared by following the MnCO3 and KMnO4
process [106].
Fig. 11. FE-SEM, TEM and HR-TEM images of the necklace-like Mn2O3 nanowire by the calcination route of Mn(OH)O nanowires at 900 ◦C for
2 h [42].
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silicon dioxide, iron salts, carbon nanotube, and
graphene, can result in interesting nanostructures with
improved physicochemical properties. Hollow structures
with a star morphology of manganese oxide nanocrystals
were obtained by the etching of Cu2O under template-
engaged coordination. The star architecture shows not
only a large area but also an ideal capacitive behaviour
with a specific capacitance [96]. The hollow structure has
also been obtained without assistance from any templates
or surfactants through an Fe3+ ion and MnSO4 system
or by the adduct of SiO2 spheres and NaOH precur-
sors [17,97]. Porous silica structures with thin catalytic
active amorphous MnO2 nanoparticles were obtained by
treating the precursors in bio-silica and acidified perman-
ganate solution [98].
3.3.  Mn2O3 nanostructures
The synthesis of Mn2O3 nanostructures that exhibit
better properties for different applications has been
investigated over the past years [99–101]. There-
fore, the investigations of Mn2O3 nanocrystals have
become the new focus in the field of materials sci-
ence and engineering technology [102]. Many synthetic
materials of KMnO4 have been explored to intro-
duce Mn2O3 nanomaterials. Using hydrazine solutions
or tetraethyl ammonium hydroxide under nitric acid
or -ray radiation conditions at ambient tempera-
tures, -Mn2O3 nanocrystals were reported [103–105].
Fig. 10 shows the hollow structures of Mn2O3 with
various phases, such as spheres, cubes, dumbbells,
microcubes, microellipsoids and microspheres, that were
constructed after a process using permanganate with
manganese carbonate [106,107]. Fig. 11 presents the
bixbyite-C Mn2O3 nanowires after thermal dehydra-
tion of Mn(OH)O nanowires. TEM and HR-TEM
images reveal that the single crystal grows preferentially
along the {2 2 2}  direction from the opposite direc-
tion of Mn(OH)O, according to the {0 1 1}  plane of
KMnO4 [42]. Through the intermediate compound of the
hollandite-type K1.33Mn8O16 structure and the interac-
tion of KMnO4 with CTAB, 1D-Mn2O3 nanorods can
be formed [108]. The formation of nanorods using a
thermal precursor not only avoids complicated processes
and special instruments but also clearly shows the rela-
tionship between the structures of the target products
and the precursor and is more appropriate for phase con-
trol of the morphology. Dang suggested that the role of
Fig. 12. SEM, TEM and HR-TEM images of the as-prepared Mn3O4
nanoframes and nanohollows using a polyethylene glycol template-
assisted route under hydrothermal conditions [119].
Univers422 K.A.M. Ahmed / Journal of Taibah 
potassium ions is crucial for the crystalline manganese
oxide formation. Potassium ions are believed to act as
a template for the formation of Mn2O3 nanorods, and
the conversion efficiency increases with the increasing
content of potassium [109].
3.4.  Mn3O4 nanostructures
Mn3O4 is often synthesized using high-temperature
calcinations of either higher manganese oxides (MnO2,
Mn5O8, and Mn2O3), or MnII and MnIII oxysalts,
hydroxides or hydroxyl oxides [110–114]. Due to their
unique size- and shape-dependent properties and their
potential applications in magnets, electrodes and cataly-
sis, the controlled synthesis of Mn3O4 nanostructures has
attracted considerable attention in recent decades The
most popular strategies used for the synthesis of Mn3O4
nanocrystals is the direct chemical reduction of KMnO4
in the presence of other reducer reagents, such as CTAB,
ethanol, methanol, n-hexane, oleylamine, hydrazine,
sodium dodecylsulfate, ascorbic acid and metallic salt
Fig. 13. FE-SEM, TEM and HR-TEM images of the as-synthesized birnessit
a KOH–Mn2+–MnO4− system [123].ity for Science 10 (2016) 412–429
[115,116]. Mn3O4 nanorods are obtained on graphene
sheets by a template-free hydrothermal reaction in
the presence of ethylene glycol [117]. Based on
sodium carboxylmethyl cellulose orthedodecyl-amine-
Na2SO3-ethanol-dedecylamine-ethanol, formamide or
polyethylene glycol, 3D-Mn3O4 octahedral structures
were obtained via a wet solution template-assisted route
[118]. Through a template-assisted hydrothermal route,
the distinctive characteristics of Mn3O4 nanoframes
and hollow octahedral structures were obtained using
polyethylene glycol. Accordingly, the microscopic
images in Fig. 12 show that the hollow dimension
sizes, the single-crystalline phase and the lattice fringes
of the tetragonal phase of Mn3O4 were achieved via
KMnO4 reduction [119]. According to the general
approaches to Mn-oxide nanostructures, there is evi-
dence that potassium permanganate as a raw material is
likely to have prepared Mn-oxides with novel nanostruc-
tures. Fig. 14 shows the anisotropic structures of KMnO4
and as-prepared Mn-oxide crystals through CMDT. The
reduction of KMnO4 is strongly deduced by covalent
e-type manganese oxide nanobelts by the hydrothermally route using
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onding between MnVII and O−2, leading to a noticeable
odification of the evolution of Mn-oxide nanostruc-
ures with various morphologies. Therefore, there is
reat interest in Mn-oxides, especially in nanosized
orms, for both rudimentary and practical reasons. The
reparation of Mn-oxide nanostructures using KMnO4
s an open research topic regarding their role in materials
cience in the formation of new structures and morpholo-
ies and is expected to become increasingly significant
n crystal growth theory.
.5.  Birnessite  and  cryptomelane
Birnessite is a common component of manganese
odules, which was found to be effective in oxidation,
eduction, decomposition and demetallation reactions
ue to its relatively high surface area and transition
etal oxide content. The use of birnessite-type MnO2
as become popular due to its layered structure, which
s beneficial for the intercalation and deintercalation
f H+ or alkali metal cations and shows promising
Fig. 14. Schematic illustration of reduction permanity for Science 10 (2016) 412–429 423
properties for enhancing the special capacitance [120].
Since the early report of layer-structured brown birnes-
site with microscale structures by McKenzie [121], many
of the published methods provide only brief descriptions,
and duplication of these methods is difficult because of
the lack of detail; seemingly minor variations in con-
ditions or starting materials can influence the results.
Thin films of birnessite are fabricated on indium tin
oxide-coated polyethylene terephthalate substrates by
chemical bath deposition technology from an alkaline
KMnO4 aqueous solution at room temperature [122].
Fig. 13 shows the delamination of manganese oxide
nanobelts with the birnessite-type layered structure hav-
ing a length of several tens of micrometres, a width
of hundreds of nanometres, and a thickness of 15 nm.
These nanobelts were synthesized by hydrothermally
treating a KMnO4–MnCl2 mixture in a highly concen-
trated KOH aqueous solution. The nanobelt growth was
controlled by the KOH concentration and the molar
ratio of Mn2+/MnO4− in the starting reaction mixture.
The monoclinic K-birnessite nanobelts were converted
ganate kinetics by many organic substrates.
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to hexagonal H-birnessite nanobelts, ascribed to the
noticeably decreased amount of Mn3+, which should
release the steric strain arising from Jahn–Teller distor-
tion [123]. Monodisperse manganese oxide honeycombs
and hollow nanospheres were reported by the decompo-
sition of KMnO4 in oleic acid using an ultrasonic method
[124]. In our previous work, the flower-like birnessite-
type manganese oxide hierarchical architectures were
achieved by reducing KMnO4 with a sodium fluorite
solution in sulfuric acid medium [125]. Recently, the
effect of Hoffmeister anions, such as Cl−, SO42−, and
ClO4−, on the structure and morphology of birnessite
and cryptomelane-type manganese dioxide nanostruc-
tures was studied [126].
Because it is constructed of double chains of edge-
sharing MnO6 octahedra forming square cross-section
tunnels with two MnO6 on each side, cryptomelane-type
manganese oxides are of considerable interest, and
Fig. 15. SEM, TEM and HR-TEM images of a KxCoyMn8−yO16 microspher
1:1 at 140 ◦C for 14 h [131].ity for Science 10 (2016) 412–429
they have been widely used as catalysts, chemical
sensors, ion-exchangers, solid ionic conductors and
battery materials [127]. Until now, many structures
of OMS-2 were prepared by the redox precipitation
technique. Among them, one-dimensional structures
such as nanowires and nanofibers were prepared by
reacting KMnO4 with MnSO4 under hydrothermal
conditions [128,129]. The growth stage proceeds
by the solution route or by oriented attachment,
depending on the growth direction. In the last few
years, the synthesis metals incorporated in OMS-2
nanocrystals have attracted increasing research interest
in scientific studies and in technological development.
Manganese oxide nanocrystals can be isomorphously
doped with a number of different transition metals
by reducing KMnO4. Lee et al. [130] employed
CoSO4 and ammonium persulfate solutions as reducer
materials to synthesize KxMn1−yCoyO2−δ nanowires
e prepared by the hydrothermal method with a Co/Mn molar ratio of
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nd 3D hierarchically assembled microspheres
nder hydrothermal conditions. The dimensions were
asily controlled by cation composition, alternating
he reactant ratio and reaction temperature. In our
revious work, cobalt acetate directly formed an
rchin-like KxCoyMn8−yO16 hollow spheres assembly
f nanoplate building blocks [131]. The hollow sphere
f KxCoyMn8−yO16 has an average diameter of 1.2 m,
 shell thickness of 150 nm and a diameter of the
ollow cavity of 350 nm; it is polycrystalline, with
 lattice spacing of 0.686 nm, and {1 1 0}  fringes of
ollow structures were observed from the transference
f {1 0 1}  KMnO4 as followed by Ostwald ripening
nd dissolution re-crystallization mechanisms as the
uggested processes (Fig. 15). The effects of cobalt
ons on the physicochemical properties were examined
or the catalytic removal of toxic material from water,
egradation of dyes and oxidation of organic materials.
owever, the mechanism for the positive effect of
o substitution is currently unclear due to the strong
xidation power of Co3+/Co4 ions compared with
n3+/Mn4+ions [132]. Manganese oxide octahedral
olecular sieve (OMS) materials with tunnel structures
ave recently attracted interest because of their small
article sizes and larger surface areas, which can
mprove the performance of manganese oxide materials
n applications such as catalysts and battery materials
133]. Iron-doped cryptomelane obtained by the thermal
ransformation of iron-doped birnessite have exploited
he catalytic properties [134].
.  Conclusions
This review provides a comprehensive introduc-
ion of various preparation methods for nanostructured
anganese oxyhydroxides, manganese oxides and
etal-incorporated manganese oxides, including our
recursor KMnO4 as the raw material. The formation
echanisms of these nanomaterials are proposed for a
etter understanding and utilization of the role of this
aterial. Therefore, many studies must be performed
o find general, economic and effective methods of fab-
icating manganese oxide nanomaterials for industrial
pplications. In addition to its use in preparations, this
aterial also has applications in catalysis, medicine and
lectrochemical areas.
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